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Localization of mRNAs for insulin-like growth factor binding proteins
1 to 6 in rat kidney. Insulin-like growth factor-I (IGF-I) is a peptide
growth factor whose activity is modulated by interaction with the family of
six IGF binding proteins (IGFBPs). IGF-I is detected in rat kidney and has
metabolic and growth effects. We have used in situ hybridization to
localize mRNAs for the IGFBPs in rat kidney. Messenger RNAs for all six
IGFBPs were detected, each with a distinctive distribution. IGFBP-1
mRNA was expressed in the distal nephron, from the thick ascending limb
of the loop of Henle to the cortical collecting ducts. IGFBP-2 mRNA
expression was confined to epithelial cells of the glomeruli and the thin
limbs of the ioop of Henle. IGFBP-3 mRNA was localized to the cortical
interstitium while IGFBP-4 was the only IGFBP mRNA found in the
proximal tubule. IGFBP-5 mRNA, the most abundant and widely distrib-
uted of the IGFBP mRNAs in the kidney, occurred in the glomerular
mesangium and the medullaiy interstitium as well as in the epithelial cells
of the distal nephron. IGFBP-6 mRNA, the least abundant, was expressed
mainly in fibroblasts associated with renal blood vessels and the ureter.
This heterogeneous distribution of the IGFBPs may enable IGF action to
be regulated by multiple factors in a site-specific manner.
Insulin-like growth factor I (IGF-I) is a peptide growth factor
which functions as a circulating hormone as well as in a paracrine/
autocrine fashion. Both IGF-I mRNA and immunoreactive IGF-I
are found in the rat kidney [1, 2], where IGF-I is implicated in
kidney growth and renal function. It is involved in the renal
hypertrophy associated with unilateral nephrectomy and diabetes
[reviewed in 3] and has also been shown to increase GFR and
renal plasma flow [4], It increases sodium reabsorption [5],
sodium-dependent phosphate reabsorption [6], and gluconeogen-
esis [7]. Most of its actions are mediated by the type I IGF
receptor (IGF-IR) which is widely distributed in the kidney (see
below).
IGF-I activity may be modulated by interaction with the IGF
binding proteins (IGFBPs). Much of the IGFs in plasma and
tissues are bound to a family of six specific IGFBPs which bind
IGF-I and IGF-II, but not insulin, with high affinity (reviewed in
[8, 9]). The IGFBPs usually inhibit IGF action by preventing
access to receptors but, under some circumstances, they may
potentiate IGF action [8]. This could involve mechanisms such as
Received for publication December 12, 1994
and in revised form March 6, 1995
Accepted for publication March 6, 1995
© 1995 by the International Society of Nephrology
cell-association with consequent decrease in affinity of the IGFBP
for IGF-I. The IGFBPs are uniquely placed to play an important
role in the extracellular regulation of IGF activity as they differ in
their tissue distribution, binding affinity for the IGFs, regulation
and degradation. In this study we have used in situ hybridization
to localize mRNAs for the IGFBPs in rat kidney.
Methods
Reagents
Complementary DNAs for rat IGFBPs 1 to 6 mRNAs were
obtained from Dr S. Shimasaki (Whittier Institute, La Jolla, CA,
USA). Pronase E was purchased from Sigma Chemical Co. (St.
Louis, MO, USA), paraformaldehyde from BDH (Poole, Dorset,
UK) and phosphate buffered saline (PBS) from Oxoid (Basing-
stoke, Hampshire, UK). Histoclear was from Histo Labs (Pennant
Hills, New South Wales, Australia) and [35S]deoxy-cytidine
triphosphate (CTP) from New England Nuclear-DuPont (North
Ryde, New South Wales, Australia). Restriction enzymes were
obtained from Boehringer Mannheim (Mannheim, Germany).
Reagents and enzymes used for riboprobe transcription were
obtained from Promega Corp. (Madison, WI, USA), Kodak
X-Omat AR films from Eastman Kodak Company (Rochester,
NY, USA) and LM-1 emulsion from Amersham International
(Amersham, UK)
Riboprobe preparation
Complementary RNA probes (cRNA) for rat IGFBP-1 to -6
were synthesized in 20 1td reactions containing 100 Ci [35S]CTP
(1000 to 1500 Ci/mmol), 40 mivi Tris-HC1, pH 7.5, 6 mM MgC12, 2
mM spermidine, 10 mtvi NaC1, 10 mivi dithiothreitol, 660 .LM each
of ATP, GTP, and UTP, 20 units RNasin, 100 ng linearized DNA
template and 20 units of the appropriate polymerase (T3 or T7
RNA polymerase). The reaction was incubated at 37°C for 90
minutes, after which the DNA template was digested with 1 unit
of DNase for 15 minutes at 37°C. Labeled probe was ethanol-
precipitated with yeast RNA as a carrier. Purified cRNA probes
(antisense (AS) and sense (S) strands) were adjusted to an
average length of 150 to 200 bases by alkaline hydrolysis. The
specific activity of the probes was about 3.5 >< i0 cpm/j.tg RNA.
The IGFBP probes were digested with the following enzymes:
IGFBP-1 AS with EcoRI, S strand with Hind III; IGFBP-2 AS
with EcoRI, S strand with Hind III; IGFBP-3 AS with Apa I, S
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Table 1. Distribution of IGFBP-1 to -6 mRNAs in the adult rat kidney
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IGFBP-1 IGFBP-2 IGFBP-3 IGFBP-4 IGFBP-5 IGFBP-6
Cortex
Glomeruli
parietal epithelium
podocytes
mesangium
DT
—
—
—
++
+ +
++
—
—
—
—
—
—
—
—
—
—
—
—
++
++
—
—
—
—
PT — — — + — -
Collecting duets
Interstitium
+ +
—
—
—
—
++
—
—
+ +
—
—
—
Outer Medulla
Outer stripe
TAL ++ — — — -l-+ —
Interstitial cells — — + — -_
Inner stripe
TAL ++ — — - - —
tL — ++ — + — —
Interstitial cells — — + — + + + —
Inner medulla
tL - + — + — —
Interstitial cells — — — — + + + +
Urinary epithelium
Fibroblasts (large vessels, ureter)
Endothelium
—
—
—
+
—
—
—
++
—
—
+ +
++
—
++
—
++
Symbols are: — absent; + present in low abundance; + + in moderate abundance; + + + in high abundance.
Abbreviations are: PT, proximal tubule; DT, distal tubule; TAL, thick ascending limb of the loop of Henle; tL, thin limbs of the loop of Henle.
strand with Barn HI; IGFBP-4 AS with Sma I, S $rand with Hind
III; IGFBP-5 AS with Ksp I, S strand with Hind III; and IGFBP-6
AS with Sma I, S strand with Eco RI. With the exception of
IGFBP-3, all sense probes were synthesized using T3 polymerase
and all antisense probes with 17 polymerase. IGFBP-3 S was
synthesized with 17 polymerase and AS with T3 polymerase.
Animals and tissue preparation
Adult male Sprague-Dawley rats (250 g) were obtained from
the Animal Laboratory at the Royal Children's Hospital
(Parkville, Victoria, Australia). All procedures were approved by
the Royal Children's Hospital Animal Experimentation Ethics
Committee. The rats were anaesthetised with intraperitoneal
Nembutal (50 mg/kg body wt). The abdominal aorta and vena
cava were exposed through a midline incision and the lower
abdominal aorta cannulated with an 18 gauge needle. Vascular
perfusion was commenced with 4% paraformaldehyde containing
0.1% glutaraldehyde at 200 mm Hg. The inferior vena cava just
adjacent to the renal veins was severed. After five minutes of
vascular perfusion ('— 100 ml of fixative) both kidneys were
dissected out and post-fixed in the same fixative for two hours.
They were then processed through graded ethanol, cleared in two
changes of xylene and infiltrated with paraffin wax. Four microme-
ter sections were cut and mounted on aminoalkylsilane-coated
slides and baked overnight at 37°C.
In situ hybridization
Tissue sections were dewaxed in Histoclear, hydrated by pas-
sage through graded ethanol and ultrapure water (Liquipure
Continental Water System, Australia), equilibrated in P buffer (50
mM Tris-HCI, pH 7.5, 5 mtvi EDTA, pH 8.0) and treated with
Pronase E 125 pg/ml in P buffer for 10 minutes at 37°C. Sections
were then washed in 0.1 M sodium phosphate buffer, pH 7.2, fixed
in 4% paraformaldehyde/PBS, at room temperature for 10 min-
utes, rinsed again in 0.1 PA sodium phosphate buffer, pH 7.2, and
ultrapure water, dehydrated in 70% ethanol, air-dried and hybrid-
ized.
AS and S riboprobes (5 X io cpm/25 gI hybridization buffer)
were added to hybridization buffer (300 mrvi NaCl, 10 mtvi Tris-
HC1, pH 7.5, 10 mtvi Na2HPO4, pH 6.8,5 mtvi EDTA, pH 8.0, 1 X
Denhardt's solution, 0.8 mg/ml yeast RNA, 50% deionized form-
amide and 10% dextran sulphate), heated to 85°C and 25 gl
added to the sections. Coverslips were placed on the sections and
the slides were put in humidified (50% formamide) chambers at
60°C for 14 to 16 hours.
Slides were washed in 2 x standard sodium citrate (2 X SSC:
0.3 NI NaC1, 0.33 M Na3C5H5O7 . 2H2O) containing 50% form-
amide at 50°C to remove coverslips, then washed in 2 x SSC, 50%
formamide at 55°C for one hour. Sections were rinsed three times
in RNAse buffer (10 m Tris-HC1, pH 7.5, 1 mM EDTA, pH 8.0,
0.5 M NaC1) at 37°C and then treated with 150 gg/ml RNAse A in
RNAse buffer for one hour at 37°C, and then washed in 2 x SSC
at 55°C for 45 minutes. Finally, sections were dehydrated through
graded ethanol, air-dried and exposed to Kodak X-Omat AR film
for four days at room temperature. Slides were dipped in Amer-
sham LM-1 emulsion, stored with desiccant at 4°C for 21 days,
developed in Kodak D19, fixed in Ilford Hypam and stained with
hematoxylin and eosin.
Results
All six IGFBPs mRNAs were expressed in the adult rat kidney.
A summary of the cellular sites and relative abundance of each of
the IGFBP mRNAs is shown in Table 1 and Figure 1. The
background level of signal of all sense probes hybridized under
identical conditions was minimal.
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Fig. 1. Schematic outline of the expression of
IGFBP mRNAs in the rat kidney.
Abbreviations are: PT, proximal tubule; DT,
distal tubule; CD, collecting duct; G,
glomerulus; tL, thin limbs of the loop of
Henle; TAL, thick ascending limb of the loop
of Henle; C, cortex; OSOM, outer stripe of
outer medulla; ISOM, inner stripe of outer
medulla; IM, inner medulla. Symbols are:( IGFBP-1, (Eil) IGFBP-2, (El)
IGFBP-3, (LKI) IGFBP-4, (l) IGFBP-5,
(Em) IGFBP-6.
IGFBP-1 mRNA
Dry film autoradiographs of kidney sections hybridized with the
IGFBP-1 antisense probe demonstrated expression in the cortex
and outer medulla (Fig. 2A). Labeling was not detected in
sections hybridized with the IGFBP-1 sense probe (Fig. 2B). At
the microscopic level, IGFBP-1 mRNA expression was specifically
localized to some epithelial cells of the distal tubule (Fig. 2C) and
collecting ducts of the cortex. Glomeruli were not specifically
labeled. In the inner and outer stripes of the outer medulla,
IGFBP-1 mRNA was concentrated in the epithelium of the thick
ascending limbs of the ioop of Henle (TALs) (Fig. 2D).
IGFBP-2 mRNA
Dry film autoradiography with the IGFBP-2 antisense probe
revealed an intense hybridization signal corresponding to the
glomerulus, the inner stripe of the outer medulla and the tip of the
inner medulla (Fig. 3A). Signal was not detected in sections
hybridized with the IGFBP-2 sense probe (Fig. 3B). Microscopi-
cally, as with IGFBP-1 mRNA, IGFBP-2 mRNA expression was
confined to epithelial cells. In the cortex, an intense signal was
only seen in glomeruli with hybridization specifically localized to
parietal and podocytic epithelium (Fig. 3 C, D). In the outer and
inner medulla, only the epithelium of the thin limbs of the loops
of Henle (tL) was labeled. IGFBP-2 mRNA was also abundant in
the transitional epithelium of the renal pelvis (Fig. 3 E, F).
IGFBP-3 mRNA
IGFBP-3 mRNA expression was detected in the cortex but not
the medulla on dry film autoradiographs of rat kidney (Fig. 4A).
Sections hybridized with the sense probe showed no specific
labeling (Fig. 4B). In contrast to the epithelial distribution of
IGFBP-1 and-2 mRNA, IGFB-3 mRNA was localized to the
interstitial cells of the cortex (Fig. 4 C, D) and, to a lesser extent,
of the outer medulla (data not shown). Fibroblasts in connective
tissue surrounding large renal vessels and the ureter were in-
tensely labeled (not shown).
IGFBP-4 mRWA
IGFBP-4 mRNA distribution on dry film autoradiographic
sections of rat kidney showed a similar distribution to IGFBP-3
mRNA with expression confined to the cortex (Fig. 5A). Expres-
sion was not detected in sections hybridized with the IGFBP-4
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Fig. 2. Autoradiographic localization of IGFBP-1 mRNA on 4 pm paraffin sections of rat kidney. Dry film autoradiographs showing hybridization to
IGFBP-1 anti-sense probe (A) and IGFBP-1 sense probe (B). Magnification X7. Bright field photomicrographs of kidney hybridized with the IGFBP-1
anti-sense probe showing intense labeling (arrows) in some cells of the distal tubule (C) and in the TALs in the inner stripe of the outer medulla (D).
Sections are stained with hematoxylin and eosin. Magnification x330. Abbreviations are: C, cortex; OM, outer medulla; IM, inner medulla; G,
glomerulus; DT, distal tubule; VB, vascular bundle.
sense probe (Fig. SB). Microscopically, in contrast to IGFBP-3
mRNA, IGFBP-4 gene expression was localized to the epithelium
of the proximal tubule (Fig. SC). In the outer and inner medulla,
specific labeling was seen in the thin limbs of the loop of Henle
(Fig. SD). It was also detected in fibroblasts in connective tissue
surrounding the ureter and large renal vessels and in the endo-
thelium of blood vessels throughout the kidney (not shown).
IGFBP-5 mRNA
Following hybridization of the kidney with the IGFBP-5
antisense probe, dry film autoradiographs revealed intense ex-
pression in the medulla with less signal in the cortex (Fig. 6A).
Signal was not detected in sections hybridized with the
IGFBP-5 sense probe (Fig. 6B). In contrast to the localization of
IGFBP-2 mRNA in glomerular epithelium, IGFBP-5 mRNA
was found in the glomerular mesangium (Fig. 6 C, D). In the
remainder of the cortex, all epithelial cells of the distal tubule
were labeled in a uniform manner with the signal concentrated
on the luminal aspect (Fig. 6 C, D). Only occasional cells were
labeled in cortical collecting ducts (not shown). In the inner
stripe of the outer medulla and in the inner medulla, the
most striking feature was intense labeling of interstitial cells
(Fig. 6 E, F), illustrating the characteristic ladder-like arrange-
ment of these cells. Labeling was not seen in the interstitial cells
of the outer stripe of the outer medulla; however, the TALS in
this region were strongly labeled (not shown). Fibroblasts associ-
ated with large renal vessels and the ureter were intensely labeled
(not shown).
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Fig. 3. Autoradiographic localization of IGFBP-2 mRNA on 4 jan paraffin sections of rat kidney. Dry film autoradiographs showing hybridization with
IGFBP-2 anti-sense probe (A) and IGFBP-2 sense probe (B). Magnification x7. Paired bright and dark field photomicrographs of kidney hybridized
with the IGFBP-2 anti-sense probe showing specific labeling in parietal (arrow) and podocytic (double arrows) epithelium of glomenili (C, D). Intense
labeling is also demonstrated in the cytoplasm of transitional cells of the ureter (E, F). Sections are stained with hematoxylin and eosin. Magnification
x330. Abbreviations are: C, cortex; ISOM, inner stripe of the outer medulla; IM, inner medulla.
IGFBP-6 mRNA large renal blood vessels and weakly found in the inner medulla
IGFBP-6 mRNA was difficult to detect on direct dry film (Fig. 7A). Signal was not detected in sections hybridized with the
autoradiography of kidney sections, with expression seen near IGFBP-6 sense probe (Fig. 7B). At the microscopic level, labeling
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Fig. 4. Autoradiographic localization of IGFBP-3 rnRAJA on 4 pin paraffin sections of rat kidney. Dry film autoradiographs showing hybridization with
IGFBP-3 anti-sense probe (A) and IGFBP-3 sense probe (B). Magnification X7. Paired bright and dark field photomicrographs of kidney hybridized
with the IGFBP-3 anti-sense probe showing specific labeling (arrows) in the cortical interstitium (C, D). Sections are stained with hematoxylin and eosin.
Magnification X330. Abbreviations are: C, cortex; M, medulla; PT, proximal tubule.
was found in fibroblasts associated with renal blood vessels (Fig.
7C) and the ureter (Fig. 7D). A weak signal was found in
interstitial cells of the inner medulla (not shown).
Discussion
We have localized the sites of gene expression of the IOFBPs in
the adult rat kidney by in situ hybridization. All six IGF binding
proteins are expressed in the kidney, although in varying abun-
dance and with heterogeneous distribution. These IGFBPs
may, by interacting with free IGF-I, regulate its activity. They
are generally inhibitory by preventing access to receptors, but
IGFBPs-1, -2, -3, and -5 may also potentiate the actions of IGF-I
[8]. Possible mechanisms include cell-association, resulting in
optimal delivery of IGFs to receptors, and post-translational
modifications such as dephosphorylation and proteolysis, which
lower the binding affinity of IGFBPs for IGFs.
Our results demonstrate that the mRNA for each IGFBP has a
unique distribution in the rat kidney in contrast to that of IOF-IR
mRNA which is widespread [10—13]. IGFBP-1, -2 and -4 mRNAs
are expressed by epithelial cells of the tubules and collecting
ducts and are therefore well placed to modulate the effects of
IGF-I on functions of kidney epithelium such as sodium reabsorp-
tion, calcium and phosphate homeostasis and gluconeogenesis.
IGFBP-3 and -5 mRNAs are abundantly expressed by the inter-
stitial cells of the cortex and medulla, respectively. Messenger
RNAs for IGFBP-2 and IGFBP-5 are the most abundant of the
IGFBPs in the glomerulus where they may bind either locally
synthesized or systemically-derived IGF-I. Finally, IGFBP-6
mRNA is found only in the fibroblasts surrounding large blood
vessels and the ureter.
We found gene expression of IGFBP-1 in the thick ascending
limb of the loop of Henle, confirming the results of a previous
study [101, but in addition, the gene was expressed throughout the
distal tubule and cortical collecting ducts. Immunohistochemical
studies [2] detected IGFBP-1, co-localized with IGF-1, at highest
concentrations in the papillary collecting duct, with moderate
amounts in the cortical collecting ducts and TALs. The more
distal concentration of the IGFBP-1 peptide compared with its
site of gene expression supports the argument that the points of
biological action of the IGFBPs may be different from their sites
of production. The most striking difference in the distribution of
the IGFBP mRNAs in rat and adult human kidney is the relative
S
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Fig. S. Autoradiographic localization of IGFBP-4 mRNA on 4 tun paraffin sections of rat kidney. Dry film autoradiographs showing hybridization with
IGFBP-4 anti-sense probe (A) and IGFBP-4 sense probe (B). Magnification x7. Bright field photomicrographs of kidney hybridized with the IGFBP-4
anti-sense probe showing labeling (arrows) in the proximal tubules (C) and in the thin limbs of the loop of Henle of the inner stripe of the outer medulla
(D). Sections are stained with hematoxylin and eosin. Magnification X330. Abbreviations are: C, cortex; M, medulla; PT, proximal tubule; DT, distal
tubule.
abundance of IGFBP-1 mRNA in the rat compared to its
presence only in a thin rim around the glomeruli in humans [14].
IGFBP-2 mRNA is expressed in the glomerulus where it is
located in the parietal epithelium and podocytes. This is consis-
tent with a previous study demonstrating glomerular expression of
IGFBP-2 mRNA in both rat and human kidney [15]. In human
fetal kidney IGFBP-2 mRNA is widely expressed in the early
stages of nephrogenesis but later confined to differentiated gb-
merular epithelial cells [16]. The glomerulus contains IGF-IR
mRNA [10, 12, 13] and local production of IGF-I is demonstrated
by both gbomerular mesangial cells in vitro [17] and by a study
employing in situ hybridization and immunohistochemistiy tech-
niques [1]. However, another group did not detect IGF-I mRNA
in the glomerulus [10]. The glomerulus is the site of IGF-I
induced mitogenesis [12, 13] and proteoglycan synthesis [18]. The
binding proteins in this region, IGFBP-2 and -5, could therefore
possibly bind either locally produced or circulating IGF-I.
In the rest of the kidney, we found IGFBP-2 mRNA in the thin
limbs of the Loop of Henle and the transitional epithelium of the
pelvis and ureter, this distribution differing from the medullary
interstitial location previously described in the rat [15]. Although
the film autoradiographic appearances of IGFBP-2 mRNA distri-
bution are identical in both studies, no microscopic data were
shown in the previous study. In the human kidney, the glomerular
distribution of IGFBP-2 mRNA is similar to that in the rat, but
differs in the rest of the kidney by being in the epithelial cells of
the distal nephron and collecting ducts [14].
IGFBP-3 mRNA was found in the cortical interstitial cells,
consistent with another recent study [19]. Paracrine/autocrine
action for IGFBP-3 in the kidney is supported by data suggesting
that IGFBP-3 mRNA is regulated differently in various tissues,
decreasing in the liver after hypophysectomy but increasing [20]
or revealing no change [19] in the kidney. Cell-association of
IGFBP-3 results in potentiation of IGF-I activity [21] and such
cell association of a IGFBP, possibly IGFBP-3, has been demon-
strated in the hypertrophying kidneys of diabetic rats [22].
IGFBP-3 may also inhibit IGF-1 action [23].
IGFBP-4 mRNA is the only IGF binding protein expressed in
the proximal tubule of the rat kidney. In the human fetal kid-
ney [16], IGFBP-2 mRNA is initially abundantly expressed in
the proximal tubule, but this expression gradually decreases as
IGFBP-4 mRNA appears. IGFBP-4 is postulated to play a role in
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Fig. 6. Autoradiographic localization of IGFBP-5 mRNA on 4 'ain paraffin sections of rat kidney. Dry film autoradiographs showing hybridization with
IGFBP-5 anti-sense probe (A) and IGFBP-5 sense probe (B). Magnification x7. Paired bright and dark field photomicrographs of kidney hybridized
with the IGFBP-5 anti-sense probe showing specific labeling in the glomerular mesangium (arrows) and at the luminal aspect of distal tubular cells
(double arrows) (C, D). Labeling is also seen in the cytoplasm of interstitial cells of the inner medulla (arrows) (E, F). Sections are stained with
hematoxylin and eosin. Magnification x330. Abbreviations are: C, cortex; M, medulla; 0, glomerulus; DT, distal tubule.
maintaining the mature phenotype in these cells since it is
expressed only in the more mature proximal tubule. The distribu-
tion of IGFBP-4 mRNA demonstrated both in our study of rat
kidney and in the human fetal kidney differs from that of adult
human kidney in which IGFBP-4 mRNA was expressed only in
renal connective tissue, renovascular endothelium and interstitial
cells [141.
The mature proximal tubule has many functions including the
reabsorption of calcium and phosphate. IGF-I increases tubular
phosphate reabsorption by a PTH-independent mechanism [6] as
•'•i' .e-L, •
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Fig. 7. Autoradiographic localization of IGFBP-6 mRNA on 4 jun paraffin sections of rat kidney. Diy film autoradiographs showing hybridization with
IGFBP-6 anti-sense probe (A) and IGFBP-6 sense probe (B). Magnification x7. Bright field photomicrographs of kidney hybridized with the IGFBP-6
anti-sense probe showing labeling (arrows) of fibroblasts surrounding renal blood vessels (C) and associated with the ureter (D). Sections are stained
with hematoxylin and eosin. Magnification x330. Abbreviations are: C, cortex; TM, inner medulla; PT, proximal tubule; V, blood vessel; L, lumen of
ureter; T, transitional epithelium.
well as increasing levels of plasma 1,25 dihydroxyvitamin D3 [24].
Growth hormone receptor mRNA [25] has been demonstrated in
the proximal tubule, and IGF-I receptors have been shown at the
luminal and basolateral portions of proximal tubular cells [11, 26].
IGF-I may thus act as a local mediator of growth hormone action
in maintaining phosphate levels during active growth. IGFBP-4
inhibits the actions of IGF-I and its levels are stimulated by
parathyroid hormone in rat osteosarcoma cells [27] and by 1,25
dihydroxyvitamin D3 in mouse osteoblasts [28]. It is thus possible
that IGFBP-4 is involved in modulating the effects of IGF-I on
phosphate and calcium homeostasis in kidney as well as in bone.
IGFBP-4 and IGFBP-5 are the two IGF binding proteins in the
kidney expressed in both interstitial and epithelial cells. IGFBP-5
mRNA is expressed in the epithelial cells of the thick ascending
limb of the ioop of Henle, distal convoluted tubule and cortical
collecting ducts. It is also abundant in the mesangium of the
glomerulus and in the extracellular matrix-rich medullary inter-
stitium. In a study of cultured human fibroblasts [29], IGFBP-5
was shown to associate with extracellular matrix. The extracellular
matrix-associated IGFBP-5 demonstrates decreased affinity for
IGF-I, and also potentiates the mitogenic effects of IGF-I. There-
fore, in the medullary interstitium, IGFBP-5 could be an impor-
tant mediator of paracrine IGF action by acting as a reservoir of
IGF-I as well as facilitating receptor interactions. IGFBP-5 has
recently been demonstrated in association with glomerular and
proximal tubular membrane fractions [30], in keeping with its
production in the glomerulus. Consistent with our localization of
IGFBP-5 mRNA, IGFBP-5 gene expression was found in the
mesenchymal cells of developing fetal human kidney and later in
glomerular mesangial cells [16].
In our study, we only found IGFBP-6 mRNA in supporting
fibroblasts around large renal vessels and the ureter as well as a
very weak hybridization signal in the medullary interstitium. This
scarcity of expression agrees with findings in both the fetal and
adult human kidney [16, 14].
In summary, we have found that IGFBP mRNAs occur widely
throughout the adult rat kidney, although each has a distinctive
distribution. This heterogeneous distribution of the IGFBPs,
given their differences in regulation, binding affinities for IGF-I
and degradation, may potentially enable IGF action to be regu-
lated by multiple factors in a site-specific manner.
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